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Slit2-Mediated Chemorepulsion and Collapse
of Developing Forebrain Axons
In the spinal cord and peripheral nervous system, axons
can be repelled by a number of molecules. Most of these
are members of the Semaphorin family of chemorepel-
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Corey S. Goodman,³ Marc Tessier-Lavigne,²
Constantino Sotelo,* and Alain CheÂ dotal*§ lents (Kolodkin et al., 1993; Luo et al., 1993; Colomarino
and Tessier-Lavigne, 1995; Messersmith et al., 1995;* INSERM U106
BaÃ timent de PeÂ diatrie Adams et al., 1997; Kobayashi et al., 1997; Varela-Echa-
varria et al., 1997).HoÃ pital de la SalpeÃ trieÁ re
47 Boulevard de l'HoÃ pital It is not known how chemotropic mechanisms are
used for wiring the nervous system. Several pieces of75013 Paris
France evidence, however, indicate that they play a role in the
establishment of neuronal connections in the forebrain²Howard Hughes Medical Institute
Department of Anatomy and and that the same molecules that guide axon projections
in the PNS, spinal cord, and hindbrain also operate inDepartment of Biochemistry and Biophysics
University of California higher brain centers. First, the ganglionic eminence, the
embryonic primordium of the basal ganglia, has strongSan Francisco, California 94143
³Howard Hughes Medical Institute attractive action on corticothalamic axons, and this at-
tractive activity appears to be mediated by Netrin-1Department of Molecular and Cell Biology
University of California (MeÂ tin et al., 1997; Richards et al., 1997). Second, in
vitro studies have also demonstrated that the thalamus,Berkeley, California 94720
neocortex, entorhinal cortex, and hippocampus pos-
sess chemorepellent activities. In most of these cases,
secreted Semaphorin family members are thought toSummary
account for the repulsive effects (Bagnard et al., 1998;
CheÂ dotal et al., 1998; Polleux et al., 1998; Tuttle et al.,Diffusible chemorepellents play a major role in guiding
1998). Third, in the olfactory system, the septum hasdeveloping axons toward their correct targets by pre-
also been shown to be able to repel axons of mitralventing them from entering or steering them away
and tufted neurons (Pini, 1993). Although the molecularfrom certain regions. Genetic studies in Drosophila
identity of this chemorepulsive factor remains unidenti-revealed a novel repulsive guidance system that pre-
fied, it is not thought to be due to a secreted Semaphorinvents inappropriate axons from crossing the CNS mid-
or to Netrin-1 (F. deCastro, C. S., and A. C., submitted;line; this repulsive system is mediated by the Round-
see Discussion).about (Robo) receptor and its secreted ligand Slit. In
To what extent do diffusible molecules other thanrodents, Robo and Slit are expressed in the spinal cord
Netrins and Semaphorins contribute to chemorepul-and Slit can repel spinal motor axons in vitro. Here,
sion? A genetic screen in Drosophila (Seeger et al., 1993)we extend these findings into higher brain centers by
led to the identification of Roundabout (Robo), a trans-showing that Robo1 and Robo2, as well as Slit1 and
membrane glycoprotein of the immunoglobulin super-Slit2, are often expressed in complementary patterns
family. Robo's loss-of-function phenotype, togetherin the developing forebrain. Furthermore, we show that
with its structure and regulated expression on axonshuman Slit2 can repel olfactory and hippocampal ax-
and growth cones, led to the hypothesis that Robo en-ons and collapse their growth cones.
codes an axonal receptor for a midline-derived repellent
(Kidd et al., 1998). Robo homologs have also been char-
acterized in mammals and C. elegans (Kidd et al., 1998;Introduction
Zallen et al., 1998). Recently, genetic and biochemical
studies in flies and rodents demonstrated that the se-In the developing nervous system, axons are guided in
creted extracellular matrix protein Slit is a ligand forpart by both attractive and repulsive diffusible factors.
Robo and can act as a chemorepellent (Brose et al.,Chemorepellents can prevent axons from entering a re-
1999; Kidd et al., 1999). To date, three distinct mamma-gion, steer them away from the region, and, depending
lian Slit genes have been identified, and all three haveupon the context, induce growth cone collapse. The
been found to be expressed in the CNS and PNSfloor plate, or ventral midline, which extends across the
(Holmes et al., 1998; Itoh et al., 1998; Brose et al., 1999).full rostrocaudal length of the spinal cord, hindbrain,
We have studied the expression and function of Roboand midbrain is probably the best characterized source
proteins and their known or putative ligands Slit1 andof chemorepellents (Colomarino and Tessier-Lavigne,
Slit2 in the developing telencephalon, focusing on two1995; Tamada et al., 1995). In addition, other ventrally
areas: the hippocampal formation and the olfactorylocated cells (close to the midline) in the spinal cord and
systemÐspecifically, the lateral olfactory tract (LOT).hindbrain exhibit some chemorepulsive activity (Fitzger-
We have chosen to focus on these two systems becauseald et al., 1993; Luo et al., 1993; Guthrie and Pini, 1995).
previous studies had indicated that chemorepulsion
might play a role in patterning projections in these re-§ To whom correspondence should be addressed (e-mail: chedotal@
infobiogen.fr). gions (Pini, 1993; CheÂ dotal et al., 1998; F. deCastro,
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C. S., and A. C., submitted). Here, we report that in both
the olfactory system and the hippocampus, Robo and
Slit are expressed to a large extent in complementary
patterns. We then go on to present in vitro evidence for
a repulsive action of hSlit2 on axons of the olfactory
bulb (OB) and hippocampus. These findings demon-
strate that Slit, in addition to being able to repel spinal
motor axons, can also repel forebrain axons and thus
further confirm that the functions of diffusible guidance
molecules are largely conserved throughout the nervous
system.
Results
Expression Patterns of Slits and Robos
To determine the potential role of Robo and Slit family
members in mediating axon pathfinding in the forebrain,
we first examined the expression patterns of Robo1,
Robo2, Slit1, and Slit2 mRNAs in the developing telen-
cephalon at the time olfactory and hippocampal projec-
tions are forming, around the end of the second week
of gestation. These studies were conducted in both rat
and mouse, but for simplicity we present only the data
from rat (see Figure 7). Expression patterns of all four
genes were found to be similar in mouse embryos (data
not shown).
In the rat olfactory system, fibers begin to leave the
OB by E14, and by E15 the LOT is clearly formed (Pini,
1993; LoÂ pez-Mascaraque et al., 1996). OB axons project
ipsilaterally, never cross the midline, and avoid the sep-
tal area. In vitro, the septum has been shown to repel
olfactory tract axons (Pini, 1993). Interestingly, we find
that as early as E12, Slit2, but not Slit1, is highly ex-
pressed in the midline of the telencephalon, including
the region of the presumptive septum (Figures 1A and
1B). By E14 and continuing until at least E18, both Slit1
and Slit2 are expressed by the septum (Figures 1C, 1D,
1G, and 1H). At these stages, mitral cells and tufted cells
of the OB express high levels of Robo2 mRNA (Figure
1F), while Robo1 is almost undetectable (Figure 1E).
During this time period, Slit1 is also found in a subset
Figure 1. Expression Pattern of Slits and Robos in the Embryonic of mitral cells, but Slit2 is completely absent from the
Rat OB and Septum OB (Figures 1C and 1D). Thus, their expression patterns
Coronal (A, B, G, and H) and horizontal (C±F) sections have been in the olfactory system are complementary.
hybridized with digoxigenin-labeled riboprobes for Slit1 (A, C, and
Tracing studies in mouse hippocampus have shownG), Slit2 (B, D, and H), Robo1 (E), or Robo2 (F).
that hippocampal afferents invade their target territories(A and B) At E12, Slit1 is not expressed in the telencephalon (A),
whereas high levels of Slit2 mRNAs (B) are found in the telencephalic in a highly specific fashion (SupeÁ r and Soriano, 1994;
midline (arrowheads) and in the presumptive septum (arrows). The SupeÁ r et al., 1998). Such stereotyped, directed growth
dashed line delineates the prospective location of the LOT. suggests the involvement of long-range and short-range
(C) By E15, Slit1 can be detected in the septum (S). It is also present
guidance cues, and previous studies have focused onin some mitral cells in the OB primordium (arrowheads).
the role of Semaphorins in shaping this trajectory (CheÂ -(D) At this stage, Slit2 is expressed in the septal area (S) but is
absent from the OB (compare with [C]). dotal et al., 1998). To explore potential contributions
(E and F) At E15, mitral cells strongly expressed Robo2 (arrowheads of Slit and Robo proteins in patterning hippocampal
in [F]) but not Robo1 (E). connections, we first looked at their expression patterns
(G and H) By E18, Slit1 expression (G) has increased in the septum
in this region. The earliest entorhinal axons leave the(S) and Slit1 transcripts are still very abundant in the ventricular
entorhinal cortex by E14 and reach the hippocampuszone of the ganglionic eminence (arrowheads). Slit2 (H) is also ex-
by E15, where they first project onto neurons in the CA1pressed in the septum (S) and in the most internal portion of the
septal ventricular zone in the septal fork of the lateral ventricle and CA3 subfields and later in the dentate gyrus (DG).
(arrowheads). The dashed line delineates the LOT. In rodents, most of the development of the DG occurs
Scale bars: 230 mm in (A), (B), (G), and (H); 160 mm in (C) through (F).
postnatally; however, a DG primordium can clearly be
observed by E16 in the mouse (see Figure 5A), and some
Slit2 Repels Telencephalic Neurons
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Figure 2. Expression Pattern of Slit1 and
Slit2 in the Developing Hippocampus
Sections have been hybridized with digoxi-
genin-labeled riboprobes for Slit1 (C and E)
and Slit2 (A, B, D, and F).
(A) A coronal section of an E12 embryo at the
level of the optic vesicles that shows very
strong Slit2 expression in the dorsal telence-
phalic midline (arrow) in the region of the ªcor-
tical hemº (ch). Slit2 is also expressed at the
base of the optic vesicle (arrowheads).
(B) A horizontal section through the hippo-
campal formation of an E15 rat embryo hy-
bridized with Slit2 riboprobe. Slit2 transcripts
are very abundant in the hippocampal primor-
dium (Hipp) and are also expressed in the
emerging entorhinal cortex (arrowheads).
(C and D) Parasagittal sections at the level
of the hippocampus of E18 rat. Slit1 (C) is
strongly expressed in the cortical plate (ar-
rowheads) and hippocampal plate (Hipp) but
not in the dentate gyrus (DG). In contrast, Slit2
mRNA (D) is found in the entorhinal cortex
(arrowheads) but not in the neocortex. It is
also expressed in the dentate gyrus (DG) and
CA3 subfield. Note also the very high Slit2
expression in the hippocampal ventricular
zone and in a part of the fimbria (arrows).
(E and F) Two parasagittal sections. By P3,
Slit1 (E) is found in the subiculum (sb) and
in CA3 only, whereas Slit2 (F) is expressed
throughout the Ammon horn and in the presu-
biculum, where the limit of Slit2 expression
coincides with the appearance of Slit1
(arrows in [E] and [F]). Slit2 is also expressed
in CA3 and CA1 and in the dentate hilus (hi)
and granule cell layer (arrowheads).
Scale bars: 200 mm in (A) and (B); 180 mm in
(C) and (D); 320 mm in (E) and (F).
DG neurons, including granule cells, become postmitotic be detected throughout the hippocampus proper and
presubiculum (Figure 2F). At E20, both Robo1 andat embryonic stages (Bayer, 1980; Altman and Bayer,
1990). Robo2 are expressed in the hippocampus in relatively
similar structures, with Robo1 at a higher level, but onlyIn the rat, Robo and Slit mRNAs are highly expressed
in the developing hippocampal formation. From E12± Robo1 is found in the dentate granule cell layer (see
Figures 3A and 3B). Interestingly, Robo2 is also ex-E13, Slit2 can be detected in the so-called ªcortical hemº
(Grove et al., 1998), a neuroepithelial structure that forms pressed by Cajal-Retzius cells, which have been shown
to have a role in guiding the entorhinal cortex projectionsa boundary between the hippocampus, the most medial
part of the cerebral cortex, and the telencephalic choroid (Del Rio et al., 1997; Figure 3B). At this stage, both
Robo genes are expressed in the entorhinal cortex andplexus (Figure 2A). This expression persists until at least
E15, when it can also be observed in the entorhinal neocortex (data not shown), but they remain confined
to distinct and complementary layers: Robo1 mRNA iscortex (Figure 2B). At E18, Slit2 mRNA is found in the
DG, in a portion of the CA3 subfield, and in the entorhinal found in neurons of the cortical plate and marginal zone,
while Robo2 is localized to the intermediate zone. Bycortex but is not present in the neocortex (see Figure
2D). Slit2 is also detectable in the choroid plexuses and P3, the expression patterns of Robo1 and Robo2 have
changed, such that Robo1 expression has now disap-in cells lining the telencephalic ventricles (Figure 2D).
Slit1, Robo1, or Robo2 cannot be observed in the hippo- peared from the subiculum (Figure 3C) and Robo2 ex-
pression has increased in the subiculum. In addition, atcampal formation until E14 (data not shown), and by
E18 Slit1 is found at the level of the hippocampal plate, P3 both genes are also expressed in the Ammon horn
pyramidal cell layer and in the hilus. Moreover, Robo1in the presumptive pyramidal cells of the Ammon horn,
and in most of the other hippocampal-related structures, expression is maintained at a low level in the DG granule
cell layer (Figure 3C), and Robo2 expression persists inwith the exception of the DG (Figure 2C). In contrast to
Slit2, Slit1 expression is strong in the neocortex, where Cajal-Retzius cells (Figure 3D). Thus, although there is
some overlap, Slit and Robo expression patterns in theit is largely restricted to the cortical plate (Figure 2C).
By P3, Slit1 was expressed almost exclusively in CA3 developing hippocampus are to a large extent comple-
mentary.and in the subiculum (Figure 2E), while Slit2 can still
Neuron
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Figure 3. Expression Pattern of Robo1 and
Robo2 in the Developing Hippocampus
E20 coronal sections (A and B) and P3 sagittal
sections (C and D), have been hybridized with
Robo1 (A and C) or Robo2 (B and D) ribo-
probes.
(A) At E20, Robo1 is expressed in the hippo-
campal formation, including the hilus (hi) and
emerging granular cell layer (arrowheads).
(B) At this stage, Robo2 expression is much
lower but can also be found in the hilus.
Robo2 is very highly expressed in Cajal-
Retzius cells (CR).
(C) By P3, Robo1 expression is confined to
the hippocampus proper, in CA3, CA1, and
the dentate hilus (hi) and granule cell layer
(arrowheads).
(D) At P3, Robo2 is upregulated and found
throughout the hippocampus, including the
subiculum and hilus (hi). It is still expressed
by some Cajal-Retzius cells (arrowheads).
Scale bars: 130 mm in (A) and (B); 320 mm in
(C) and (D).
Slit2 Repels OB and DG Axons and telencephalic midline (see above). Since it has been
shown previously that COS cells secreting hSlit2 canWhen cultured in a three-dimensional collagen gel ma-
trix, E14 rat OB axons can be repelled by a diffusible repel spinal motor axons (Brose et al., 1999), we tested
whether Slit2 can also act as a repulsive molecule infactor released by the septum (Pini, 1993). At that stage,
mitral cells in the OB express Robo2, while its ligand the olfactory system by culturing E14±E15 OB explants
with aggregates of hSlit2-expressing cells. We foundSlit2 and putative ligand Slit1 are found in the septum
that when cultured either directly adjacent to or at a
distance (up to 200 mm) from control COS cells, axons
extend from all OB explants in a radial pattern (n 5 39;
Figure 4A and Table 1). In contrast, axons from 98%
of OB explants cultured at a distance from COS cells
secreting hSlit2 are repelled (n 5 53; Figure 4B and
Table 1). In addition, in the distal quadrant, both the
number of OB neurite bundles and the area covered by
OB neurites were significantly larger than in the proximal
quadrant, facing hSlit2-expressing cells (see Tables 2
and 3). As early as 18±24 hr in culture, an asymmetric
pattern of outgrowth can be observed, with far fewer
axons in the quadrant proximal to the cell aggregate.
This repulsive effect lasts until at least 36±48 hr in cul-
ture. At these later time points, only a few axons can
be observed in the proximal quadrant, but most axons
are clearly directed away from the hSlit2-expressing
cells (Figure 4C). Explants were not cultured for more
Table 1. Semiquantitative Evaluation of the Effect of hSlit2 on
Axonal Outgrowth of DG and OB Explants
Coculture Condition n 11 1 5 2 --
DG 1 COS control 23 2 2 19 4 2
DG 1 hSlit2 43 2 2 2 3 40
OB 1 COS control 39 2 2 39 2 2
OB 1 hSlit2 53 2 2 1 5 47
Explants were labeled using anti-b-tubulin antibodies. CoculturesFigure 4. Repulsion of OB Axons by hSlit2
were classified as follows: 1, moderate attraction of axons (axons
E14±E15 rat OB explants were cocultured for 18 hr (B) or 36 hr (A are 2- to 3-fold longer in the proximal than in the distal quadrant); 5,
and C) next to COS cells transfected with alkaline-phosphatase (A) radial axonal growth (axons in the proximal and distal quadrants
or hSlit2 (B and C) and stained with an anti-b-tubulin antibody. differed by less than 2-fold in length); -, moderate axonal repulsion
Axons confronted with AP-expressing cells grow symmetrically (A). (axons are 2- to 3-fold longer in the distal than in the proximal
In contrast, they grow away from hSlit2-expressing COS cells (B quadrant); and --, strong axonal repulsion (axons are more than
and C) even after 18 hr in vitro (B). Scale bars: 100 mm in (A) and 3-fold longer in the distal than in the proximal quadrant).
(B); 180 mm in (C).
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Table 2. Mean Number of Neurite Bundles in OB and DG Explants Cocultured with Aggregates of COS Cells, Untransfected or
Transfected with hSlit2
Mean Number of Neurite Bundles 6 SEM
Coculture Conditions n Proximal Quadrant Distal Quadrant p Value
DG 1 COS control 6 61 6 5 65 6 5 NS (p . 0.05)
DG 1 hSlit2 10 11 6 3 55 6 5 0.0001
OB 1 COS control 10 59 6 4 56 6 3 NS
OB 1 hSlit2 11 10 6 2 53 6 4 0.0001
than 48 hr, because transfected COS cells start to die for unknown reasons, hSlit2 is expressed poorly from
many mammalian cell lines, making it difficult to obtainafter this point. These results indicate that hSlit2 is a
chemorepellent for OB axons. sufficient quantities of recombinant protein to test in the
collapse assay (Brose et al., 1999). Second, full-lengthWe next examined whether Slit proteins are chemore-
pellents for axons of the hippocampal formation. During Slit2 (about 190 kDa) is proteolytically processed into
two fragments, a 140 kDa N-terminal fragment and adevelopment, hippocampal axons never invade the ad-
jacent entorhinal cortex, whereas axons from the ento- 55±60 kDa C-terminal fragment, which have distinct cell
association characteristics. At least when expressedrhinal cortex project massively to the DG. In a previous
paper, we showed that axons from the DG, CA3, and from a cell line, the C-terminal fragment appears to be
more diffusible, accumulating to some extent in the me-CA1 subfields of the embryonic hippocampus can be
repelled by the entorhinal cortex. We also demonstrated dia, while the N-terminal and full-length fragments re-
main preferentially associated with cell membranes (Fig-that cells secreting either Semaphorin III or IV can mimic
this activity (CheÂ dotal et al., 1998). Since Slit2 mRNA ures 6A and 6B). This cleavage, which occurs by a still
undetermined mechanism, is observed both in vitro,and Robo1 and Robo2 mRNAs are expressed at high
levels in the entorhinal cortex and in the DG, respec- when hSlit2 is expressed in cell lines, and in vivo (Brose
et al., 1999; Wang et al., 1999; data not shown). It istively, we sought to determine whether Slit2 could repel
DG axons. As shown previously, DG axons grow sym- unclear at present which fragment(s) binds Robo and is
required for the repulsive activity.metrically in 82% of the cases (n 5 23) when confronted
with control COS cells (CheÂ dotal et al., 1998; Figure 5B Explants from OB or DG were cultured on a poly-L-
lysine/laminin substrate. After a day in culture, individualand Table 1). In contrast, in 93% of the explants cultured
with COS cells expressing hSlit2, axons preferentially axons extending from these explants could be observed
(Figure 6E). Membrane extracts prepared from hSlit2-grow away from the cell aggregates (Figures 5C and 5D
and Table 1). Repulsion could be observed after 24 hr expressing COS cells or control COS cells were applied
to the OB and DG cultures for 1±2 hr. Cultures were(Figure 5C) and was maintained for one more day in
vitro (Figure 5D). In addition, in the distal quadrant, both fixed and collapsed growth cones, identified by a lack
of lamellipodia and filopodia (Figure 6G), were quantifiedthe number of DG neurite bundles and the area covered
by DG neurites were significantly larger than in the proxi- in blinded experiments. Four independent experiments
gave similar results. Application of hSlit2 membrane ex-mal quadrant, facing hSlit2-expressing cells (see Tables
2 and 3). This demonstrates that Slit2 is also a chemore- tracts to OB growth cones resulted in a marked (54.7% 6
3.7%, n 5 520) and significant (p 5 0.0001) increasepellent molecule for DG axons. It will be interesting to
study Slit1 function using similar assays, but we do not in percentages of axons with collapsed growth cones
compared with addition of control membranes (16% 6have Slit1 expression constructs yet.
3%, n 5 636; see Figures 6C, 6F, and 6G). hSlit2 mem-
branes can also induce collapse of 58% 6 5% of DGMembrane-Associated Slit2 Induces Collapse
of OB Axon Growth Cones growth cones (n 5 450), although in this case the differ-
ence between hSlit2 and control membranes (33% 6Semaphorins function as chemorepellents when pre-
sented chronically to growth cones but induce growth 4% of collapse, n 5 363) is less significant (p , 0.01)
than for OB growth cones (Figure 6D).cone collapse when presented acutely. Since hSlit2 can
repel axons of a variety of classes of neurons, we next Western blots of membrane extracts (see Experimen-
tal Procedures) revealed that the hSlit2-containing mem-examined whether hSlit2, like Semaphorins, could in-
duce growth cone collapse. We chose to use mem- brane extracts consist primarily of the full-length and
N-terminal cleavage fragments, with most, if not all, ofbranes from hSlit2-expressing cells, rather than super-
natants or purified proteins, for several reasons. First, the C-terminal cleavage fragment presumably being lost
Table 3. Mean Area Covered by Neurites in OB and DG Explants Cocultured with Aggregates of COS Cells, Untransfected or Transfected
with hSlit2
Mean Area (mm2) Covered by Neurites 6 SEM
Coculture Conditions n Proximal Quadrant Distal Quadrant p Value
DG 1 COS control 10 811 6 17 966.4 6 143 NS (p . 0.05)
DG 1 hSlit2 13 75 6 19 602.8 6 114 0.0002
OB 1 COS control 9 726 6 89 655.3 6 110 NS
OB 1 hSlit2 11 162 6 39 1029 6 120 0.0001
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Figure 5. Repulsion of DG Axons by hSlit2
(A) An E17 mouse hippocampal slice used to collect DG explants
(DG), outlined in white. The arrowhead points to the fimbria.
(B) DG neurites are not affected by AP-expressing COS cells.
(C) After 24 hr, repulsion can already be observed when DG explants
are confronted with hSlit2-expressing cells, and virtually no axons
are found in the proximal quadrant facing the COS cells.
(D) After 48 hr in vitro, there is still a strong repulsion, but some
axons grow in the proximal quadrant.
Scale bars: 180 mm in (A); 100 mm in (B) through (D).
during treatment (Figures 6A and 6B). Although we can-
not yet rule out that the extracts still contain remnants
Figure 6. Membrane-Associated Slit2 Collapses OB Axons
of C-terminal fragment undetectable by Western blot,
(A and B) Western blot using 9E10 anti-myc (A) and anti-Slit (B)these results suggest that the collapse-inducing activity antibodies, showing that N-terminal and full-length hSlit2, and not
is contained in the full-length or N-terminal fragments. the small 60 kDa fragment, are expressed on purified membranes
from COS cells transfected with Slit2 (left lanes). No expression is
found on control membranes (right lanes).Discussion
(C) A histogram showing that 16% 6 3% of the growth cones are
collapsed with control membranes (gray bar) compared to 54.7% 6
Genetic and biochemical experiments in Drosophila and 3.7% with Slit2-expressing membranes (p 5 0.0001; black bar).
rodents have shown that the secreted extracellular ma- (D) A histogram showing the proportion of collapsed DG growth
cones with control (33% 6 4%) and hSlit2-expressing (58% 6 5%)trix protein Slit is a ligand for Robo. In Robo mutants
membranes. A significant increase (p , 0.01) is observed with hSlit2in Drosophila, axons inappropriately cross the ventral
but is weaker than for OB axons (compare [C] and [D]).midline (Kidd et al., 1998). In Slit mutants, growth cones
(E) The robust outgrowth of OB axons on laminin after 24 hr in vitro.
that normally do not cross the midline now enter the (F) Uncollapsed OB growth cone contacting control membranes
midline and stay there, despite the fact that they con- (arrowhead).
tinue to express high levels of Robo (Kidd et al., 1999). (G) Two OB growth cones collapsed by hSlit2-expressing mem-
branes (arrowheads).Slit and Robo display dosage sensitive interaction and
Scale bars: 95 mm in (E); 10 mm in (F); 25 mm in (G).hSlit2 and dSlit can bind Robo1, Robo2, and dRobo1,
indicating a receptor±ligand interaction (Brose et al.,
1999; Kidd et al., 1999). Furthermore, hSlit2 can repel elongation and branching of axons of dissociated sen-
sory neurons (Wang et al., 1999).spinal motor axons in vitro, and dSlit is also required for
migration of muscle precursors away from the midline, Initial studies of Robo and Slit proteins in the rodent
nervous system focused on their potential role in or-suggesting that Slit proteins can act as both long-range
and short-range repellents (Brose et al., 1999; Kidd et al., ganizing projections in the spinal cord. Here, we extend
these studies to the forebrain and show that the repul-1999). In addition, Slit proteins appear to be bifunctional,
since the N-terminal fragment of Slit2 can promote the sive function of Slit proteins is conserved in both the
Slit2 Repels Telencephalic Neurons
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Figure 7. Schematization of the Expression
Patterns of Slits and Robos in the Olfactory
System and Hippocampus
(A and B) At E14±E15, mitral cell axons, form-
ing the LOT, express Robo2 (in gray). They
are repelled by the septum, which expresses
Slit2 (in yellow) and Slit1 (in blue). They are
also repelled by the neocortex, possibly via
a Slit1-dependent mechanism (B).
(C) Schematic of the expression of Slits and
Robos in the embryonic hippocampus. Neu-
rons in the entorhinal cortex (EC) express high
levels of Slit2. They project via the perforant
pathway onto granule cells in the dentate gy-
rus (DG) and on CA3 neurons. Slit2 is also
expressed in the DG and CA3. Robo1 and
Slit1 are found in the cortical plate (CP) and
in the hippocampal plate. Slit2 is expressed
in CA3, in the DG, in the telencephalic midline,
and in part of the fimbria.
(D) Schematic of the expression pattern of
Slit and Robo in the dentate gyrus. Granule
cell dendrites in the molecular layer (ML) re-
ceive projections from the entorhinal cortex
(EC) and commissural/associational projec-
tions (Com). They send axons (Mossy fibers)
to the CA3 subfield. Granule cells express
Robo1 and Slit1. Hilar neurons express
Robo1 and/or Robo2 and/or Slit2. Their ax-
ons form the commissural/associational pro-
jections. Cajal-Retzius cells (CR) in the mar-
ginal zone (MZ) express Robo2.
Other abbreviations: GCL, granule cell layer;
IZ, intermediate zone; VZ, ventricular zone.
olfactory and hippocampal systems. We show that three sources of chemorepulsive factors: the septum,
the neocortex, and the olfactory epithelium (Pini, 1993;mRNAs encoding Robo1 and Robo2 and their ligands
Slit1 and Slit2 are expressed in the developing telen- Hu and Rutishauser, 1996; F. deCastro, C. S., and A. C.,
submitted). The secreted Semaphorin, Sema IV, appearscephalon from very early embryonic stages. Moreover,
throughout most of the forebrain, their expression pat- to be a good candidate for the repulsive activity of the
neocortex and/or olfactory epithelium. Sema IV is ex-terns can be complementary, with particular neuronal
populations often expressing only one Slit and/or one pressed in the developing cortical plate and the olfactory
epithelium at the time the LOT is forming and repels OBRobo gene. Using a collagen gel coculture assay, we
further demonstrate that Slit2 is also a potent chemore- axons in collagen gel assays (CheÂ dotal et al., 1998; Giger
et al., 1998; F. deCastro, C. S., and A. C., submitted). Inpellent for OB and DG axons. Together these results
demonstrate that the function of Slit family members, contrast, no good candidate has emerged for the septal-
derived repulsive activity. Neither of the five known se-first identified at the midline of the developing Drosoph-
ila CNS, and then at the midline of the developing mam- creted Semaphorins nor Netrin-1 is expressed in the
septum (MeÂ tin et al., 1997; F. deCastro, C. S., and A. C.,malian spinal cord, is largely conserved in other parts
of the mammalian CNS. In addition, we expand on these submitted). In contrast, Slit2 appears to be a very good
candidate for mediating this septal-derived activity.findings by showing that membranes from Slit2-express-
ing cells can induce collapse of olfactory axon growth First, Slit2 mRNA is present at high levels in the septal
primordium and the telencephalic midline, and one ofcones, thus providing the first evidence that Slit's repel-
lent effects on axons likely occur via a growth cone its receptors, Robo2, is expressed by mitral cells at the
time they respond to septal factors (see Figures 7A andcollapse mechanism. These findings add Slit to the list
of chemorepellents that are also collapsing agents, a 7B). Second, in collagen gel assay, LOT axons are re-
pelled by hSlit2, and hSlit2-containing membranes causelist that until now consisted exclusively of members of
the Semaphorin family. These results support the idea the collapse of OB axons. Whether these Slit-mediated
in vitro repulsion and collapse activities require Robo2,that growth cone collapse and chemorepulsion are
mechanistically related (Fan and Raper, 1995). either alone or in conjunction with unknown accessory
proteins, remains unclear and will require function-
blocking reagents. However, it is clear that these activi-Chemorepulsion and the Development of the Lateral
Olfactory Tract ties are independent of Robo1, since Robo1 is not de-
tected in the developing OB. It is also possible that Slit1,The LOT, at the stages studied here (E14±E15), consists
almost entirely of the axons of mitral cells (Bayer, 1983). which is also expressed in the embryonic septum, albeit
somewhat later than Slit2, may also contribute to theIn vitro, these axons are known to respond to at least
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septal-repulsive activity. Slit1, in conjunction with Sema distal segment (Amaral and Witter, 1995; Figure 7C).
Therefore, Slit2 produced by entorhinal axons couldIV (see above) may also be a good candidate for mediat-
ing the repulsive effect of neocortical tissues on LOT block the invasion of the upper dendritic segment by
mossy fibers. We also found robust expression of Slit2axons, since it is highly expressed in the cortical plate.
It is not yet known whether Slit1 binds either Robo1 mRNA in CA3 pyramidal neurons. An heterogeneous
distribution of Slit2 on the surface of pyramidal cell den-or Robo2, whether it is proteolytically processed, and
whether it too has repulsive and collapse-inducing activ- drites could also participate in the dendritic segregation
of mossy fiber afferents. In contrast with other hippo-ities.
During embryonic development, a seemingly simple campal projection neurons in CA1 and CA3, mossy fi-
bers never cross the telencephalic midline, which ex-axon tract like the LOT is influenced by a variety of
guidance molecules, including both long-range signals, presses high levels of Slit2 mRNA from very early stages.
These results suggests that Slit2 may have a similarsuch as Slits and Semaphorins, and short-range cues.
For instance, a string of cells in the telencephalon that function in pushing noncommissural axons away from
the midline of the forebrain, as has been proposed forappear to be followed by growing LOT axons transiently
express the LOT-1 antigen, leading to the suggestion Robo and Slit at the Drosophila ventral midline (Kidd et
al., 1999).that these cells may act as guidepost cells (Sato et
al., 1998). In addition to the repulsive effect of hSlit2 Whether the effects observed for Slit2 in our assays
are mediated by either Robo1 or Robo2 remains to bedescribed here, two secreted Semaphorins, Sema A and
Sema IV, can also orient LOT axons in vitro: Sema IV determined. In addition, the identities of the axon popu-
lations repelled in our assay are not clear. Nevertheless,repels them, while Sema A appears to attract them
(F. deCastro, C.S., and A.C., submitted). Thus, the for- since 20% of the dentate granule cells arise prenatally
(from E16 in the rat; Bayer, 1980; Altman and Bayer,mation of the LOT, similar to many guidance events in
the embryo (Tessier-Lavigne and Goodman, 1996), is 1990), it is possible that the majority of the fibers repelled
by Slit2 in our assay are mossy fibers. Robo1 mRNA islikely to rely on multiple overlapping cues. Dissecting
which, if any, of these cues are required in vivo will detected at low levels in the granule cell layer, sug-
gesting that in this case, Robo1 may be the receptorprobably not be an easy task and might require the
generation of multiple knockout combinations. mediating Slit2's effects. On the other hand, neurogen-
esis in the hilus and molecular layer of the DG occurs
between E14 and birth (Bayer, 1980). Both Robo1 andSlit2 and the Development of the Hippocampus
Robo2 are expressed at high levels in the hilus, sug-The afferent axonal projections of the rodent hippocam-
gesting that some of the axons repelled in our assay maypus are very precisely organized, with subsets of axons
originate from these hilus neurons. Confirming whicharborizing in specific layers and synapsing on specific
populations of axons are repelled by Slit2 and whetherportions of the dendritic trees of their target neurons
this repulsion occurs either via Robo1 or Robo2 will of(see Amaral and Witter, 1995, for a review). These affer-
course require both ascertaining the identity of theseent axons project directly to their proper target layers,
neurons with layer-specific markers and determiningsuggesting that their final targeting involves layer-spe-
whether these axons express Robo1 or Robo2 proteins.cific positional cues (SupeÁ r and Soriano, 1994; SupeÁ r et
It has been previously shown that the secreted Sema-al., 1998). In rodents, the DG consists of three layers:
phorins, Sema III and Sema IV, are expressed by thethe molecular layer, the granule cell layer, and the hilus
entorhinal cortex and that two of their known receptors,or polymorphic layer (Amaral and Witter, 1995; Figure
Neuropilin 1 and 2, are expressed in the developing7D). The principal cells of the DG are the granule cells,
hippocampus, including the DG, suggesting that at leastbut other neuronal subtypes, such as pyramidal basket
some of the repulsive activity of the entorhinal cortexcells, stellate cells, and mossy cells, can be found scat-
may be mediated by the secreted Semaphorins Sematered thought the molecular layer and hilus. The major
III and Sema IV (CheÂ dotal et al., 1998). Here, we revealafferents to the DG arise from the entorhinal cortex and
a second class of guidance molecules, Slit and Roboinnervate the superficial two-thirds of the molecular
proteins, that may play a role in patterning these projec-layer via the perforant pathway, beginning at E19 in
tions. These results provide further evidence for the ideathe mouse (Figures 7C and 7D). The inner third of the
that wiring the brain requires multiple overlapping cues.molecular layer is innervated postnatally (around P2) by
commissural/associational axons originating from the
mossy cells from the hilus (see Figure 7; SupeÂ r et al., Other Possible Functions of Robo and Slit
in Forebrain Development?1994; Amaral and Witter, 1995).
Interestingly, both Robo1 and Robo2, as well as their In the olfactory system, the caudal septum has also
been shown to secrete a diffusible factor that repelscandidate ligands, Slit1 and Slit2, are expressed in
somewhat complementary patterns in the embryonic migrating olfactory interneuron precursors in the sub-
ventricular zone (Hu and Rutishauser, 1996). This activityhippocampus when these hippocampal connections are
being formed. In addition, the entorhinal cortex secretes appears to be distinct from Netrin-1 or Sema III and can
be mimicked by the floor plate or ventral spinal corda diffusible repellent for axons of the DG (CheÂ dotal et
al., 1998), and hSlit2-expressing cells can mimic this (Hu and Rutishauser, 1996). Slit1 and Slit2 are expressed
in the septum, the floor plate, and portions of the ventralactivity. Granule cell axons, the mossy fibers, project to
the CA3 subfield of the hippocampus proper, where they spinal cord and could be this other septum-derived fac-
tor. The presence of Slit1 in some mitral cells, and ofare restricted to the proximal segment of the pyramidal
cell stem dendrites, while entorhinal axons occupy their Robo1 and Robo2 in some areas of the primary olfactory
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cortex, also suggests that Slits may be involved in other all mediated by common cellular mechanisms and
merely reflect a range of responses, perhaps to varyingaspects of OB development.
Likewise, Slit and Robo may play a role in other as- concentrations of repellents. A full understanding of how
the effects of Slit and Robo proteins translate intopects of hippocampal targeting and innervation. First,
in addition to its expression in the entorhinal cortex changes in growth cone motility will require a detailed
dissection of the signaling pathways that lie down-and at the telencephalic midline (discussed above), Slit2
mRNA is also present in the DG itself and thus may also stream.
function in patterning the intrinsic axonal connections
Experimental Proceduresof the DG. Second, Slit1 and Slit2 are also expressed
at later postnatal stages, suggesting that they may also
Animalsact in the later steps of layer-specific target selection,
Wistar rats and OF1 mice (IFFA-Credo, Lyons, France) were used
innervation, and synapse formation. Such a function for the culture experiments and for in situ hybridization studies.
would be consistent with the finding that hSlit2 can The day on which a vaginal plug was detected was considered
promote the elongation and branching of isolated sen- embryonic day 0 (E0), and the day of birth postnatal day 0 (P0).
Pregnant animals were anesthetized with chloral hydrate (350 mg/sory neurons and with its proposed role in collateral
kg i.p. for rats and for mice).formation in the spinal cord by dorsal root ganglia axons
(Wang et al., 1999). Third, Cajal-Retzius cells express
In Situ Hybridizationhigh levels of Robo2. These cells are required for elabo-
E11±E20 embryos (10±15 animals each) were immersion-fixed or
ration and targeting entorhinal afferents, a process perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH
thought to involve the extracellular protein Reelin (Del 7.4) (PFA). Brains were postfixed in 4% PFA, cryoprotected with
10% sucrose, and sectioned at 20 mm with a cryostat. AntisenseRio et al., 1997). The presence of Slit2 in entorhinal
riboprobes were labeled with digoxigenin-d-UTP (Boehringer-neurons suggests that they may, in turn, be able to
Mannheim), as described elsewhere (CheÂ dotal et al., 1998), by ininfluence Cajal-Retzius cells via the Robo2 receptor.
vitro transcription of rat cDNAs encoding rat Slit1, Slit2, Robo1, andLastly, Slit2 is also strongly expressed in the region of
Robo2 (Brose et al., 1999). Controls including hybridization with
the so-called ªcortical hem,º a boundary region that has sense riboprobes prevented hybridization signals.
been shown to express transcripts of members of the
patterning gene families Wnt, Bmp, and Msx, as well as Explant Cultures and Cocultures
The OBs from E14±E15 rat embryos were dissected out as a singlesonic hedgehog (see Grove et al., 1998). This domain has
piece, and explants 250±350 mm in diameter were obtained usingbeen proposed to function as a boundary and patterning
fine tungsten needles (Pini, 1993). The hippocampus and entorhinalorganizer for the dorsal telencephalon, somewhat analo-
cortex, all from E15±E17 mouse embryos, were obtained as de-
gous to the roof plate in the spinal cord. Slit2's expres- scribed elsewhere (CheÂ dotal et al., 1998). Explants were cocultured
sion here suggests that it may also play a role in directing with aggregates of untransfected COS cells or COS cells transfected
either axonal projections or cell migrations in this region. with secreted alkaline phosphatase (AP), using the APTag4 vector
(gift of Dr. J. Flanagan), or human Slit2 fused in frame at its CIt is conceivable that Slit2 is a cue involved in earlier
terminus to a myc tag (Brose et al., 1999). 50 ng/ml heparin waspatterning events, such as those required to determine
added to the culture medium as this treatment appears to releasecell identities.
some of the Slit2 that is normally associated with the plasma mem-
brane (Brose et al., 1999). After each experiment, expression was
hSlit2 Can Induce the Collapse of OB controlled on Western blots using the monoclonal 9E10 anti-myc
antibody, a polyclonal anti-AP antibody (Dako), or an anti-Slit anti-Growth Cones
body (K. B. and M. T.-L., unpublished data). All explants were em-In addition to repelling OB and hippocampal axons in the
bedded in rat tail collagen gel as previously described (Lumsdencollagen gel assay, hSlit2 can also cause the collapse of
and Davies, 1986) and cultured for 18±48 hr. OB explants were
their growth cones. This is an in vitro demonstration of a cultured in DMEM (Seromed) supplemented with L-glutamine, D-glu-
collapse-inducing activity for Slit proteins and, as such, cose, and 10% horse serum (all from Gibco Life Technologies),
makes Slits the second family of chemorepellents, after and hippocampal explants were cultured as previously described
(CheÂ dotal et al., 1998). Cocultures were incubated in a 5% CO2,the Semaphorins, with both repulsive and collapse-induc-
378C, 95% humidity incubator.ing activities. Data from our experiments also argue that
Explants were fixed in ice-cold 4% PFA. For the visualization ofthe collapse-inducing activity of hSlit2 is likely to be
neuronal processes, cultures were fixed for 1 hr, rinsed several times
contained in either the N-terminal or the full-length frag- in 0.1 M PBS, blocked with 10% normal goat serum, incubated
ments since we could not detect any C-terminal frag- with a neuron-specific anti±class III b-tubulin monoclonal antibody
ment in these preparations. It is not yet clear which (1:3000; clone TUJ-1, Babco; Moody et al., 1989), followed by an
HRP-conjugated donkey anti-mouse antibody (1:2000; Jackson Im-fragment is responsible for the chemorepulsive effects
munological Laboratories), and developed with a diaminobenzidineof hSlit2, although the C-terminal fragment appears to
reaction. After b-tubulin immunostaining, individual cultures werebe much more diffusible than either the N-terminal or
additionally classified as described in Table 1 (CheÂ dotal et al., 1998).
the full-length fragment, at least in tissue culture. It will
certainly be interesting to determine whether or not the Membrane Preparation
collapse and repulsive activities can be separated. In Cell membranes were prepared as described previously (Nguyen
Ba-Charvet et al., 1998). Briefly, cells were kept for 30 min at 48Cthe case of contact-mediated inhibition of growth cones,
in a solution of 4 M urea in PBS, with 200 KIU/ml aprotinin, 50 mMsome instances result from growth cone collapse (e.g.,
leupeptin, 2 mM pepstatin (all from Sigma), and 50 mM neuraminidaseKapfhammer and Raper, 1987), but others have been
inhibitor (2,3-dehydro-2-deoxy-N-acetyl-neuraminic acid) (Boeh-described that do not involve full growth cone collapse
ringer) and then gently homogenized in a Dounce apparatus. The
(Oakley and Tosney, 1993; Godement et al., 1994). One homogenate was centrifuged at 9000 3 g for 30 min and the super-
possibility is that the forms of growth cone inhibition natant dialysed overnight against PBS without Ca21 and Mg21. Mem-
branes were recovered from the dialysate by centrifugation andinvolving collapse and those not involving collapse are
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diluted in PBS with protease inhibitors as above. The concentration Soriano, E. (1998). Semaphorins III and IV repel hippocampal axons
via two distinct receptors. Development 125, 4313±4323.of each membrane suspension was adjusted such that an aliquot,
after dilution to 1:15 in 2% SDS, would yield an optical density of Colomarino, S., and Tessier-Lavigne, M. (1995). The axonal chemo-
0.3 at 220 nm (Beckman spectrophotometer). attractant Netrin-1 is also a chemorepellant for trochlear motor ax-
ons. Cell 81, 621±629.
Collapse Assay Del RõÂo, J.A., Heimrich, B, Borrell, V., FoÈ rster, E., Drakew, A., AlcaÂ n-
OB explants were cultured on glass coverslips coated with poly-L- tara, S., Nakajima, K., Miyata, T., Ogawa, M., Mikoshiba, K., et al.
lysine (200 mg/ml)/laminin (20 mg/ml) in PBS. After 1 day in vitro, it (1997). A role for Cajal-Retzius cells and reelin in the development
was possible to analyze individual fibers and their growth cones. of hippocampal connections. Nature 385, 70±74.
Membrane suspension (20 ml) was added to the cultures, and they
Fan, J.H., and Raper, J.A. (1995). Localized collapsing cues canwere then incubated at 378C and 5% CO2. After 1 hr, cultures were steer growth cones without inducing their full collapse. Neuron 14,
fixed in 4% PFA. The total number of neurite tips was counted, and
263±274.
those without lamellipodia or filopodia were scored as ªcollapsedº
Fitzgerald, M., Kwiat, G.C., Middleton, J., and Pini, A. (1993). Ventral(Raper and Kapfhammer, 1990).
spinal cord inhibition of neurite outgrowth from embryonic rat dorsal
root ganglia. Development 117, 1377±1384.Quantification
Giger, R.J., Urquhart, E.R., Gillespie, S.K.H., Levengood, D.V., Ginty,After b-tubulin immunostaining, the surface covered by the neurites
D.D., and Kolodkin, A.L. (1998). Neuropilin-2 is a receptor for Sema-growing from the explant was measured in the proximal and distal
phorin IV: insight into the structural basis of receptor function andquadrants (Wang et al., 1996) using Imstar software (Imstar, France).
specificity. Neuron 21, 1079±1092.Microphotographs of each individual explant were digitally scanned
with a Nikon CP-9003 camera and transferred to a computer (Imstar, Godement, P., Wang, L.C., and Mason, C. (1994). Retinal axon diver-
France). The contour of the area covered by the neuritic processes gence in the optic chiasm: dynamics of growth cone behavior at
was acquired by hand with computer-aided filling using a specially the midline. J. Neurosci. 14, 7024±7039.
devised package from Imstar. This measure takes into account both Grove, E.A., Tole, S., Limon, J., Yip, L.W., and Ragsdale, C.W. (1998).
neurite lengths and numbers (Table 2). In addition, the average The hem of the embryonic cerebral cortex is defined by the expres-
number of the neuritic bundles in each quadrant was measured sion of multiple Wnt genes and is compromised in Gli3-deficient
(Table 3). Individual cultures were additionally classified as de- mice. Development 125, 2315±2325.
scribed in Table 1. Data were statistically analyzed using a paired Guthrie, S., and Pini, A. (1995). Chemorepulsion of developing motor
t test. For collapse assays, the statistical significance was deter- axons by the floor plate. Neuron 14, 1117±1130.
mined by variance analysis (ANOVA) with a Fisher PLSD test, using
Holmes, G.P., Negus, K., Burridge, L., Raman, S., Algar, E., Yamada,Stat View II (Abacus Concepts).
T., and Little, M.H. (1998). Distinct but overlapping expression pat-
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